Ovarian follicles house the oocyte and, upon maturation, produce steroid and protein hormones that regulate uterine receptivity and the reproductive axis. Follicles exist in a relatively dormant, preantral (PA) 1 state until they are recruited to grow and differentiate to a preovulatory (PO) phenotype by the pituitary hormone follicle-stimulating hormone (FSH) (1, 2). Maturation of follicles to a PO phenotype involves not only proliferation but also differentiation of the enclosed granulosa cells. FSH triggers these events by binding to its G-proteincoupled receptor, located exclusively on granulosa cells in female mammals, and activating adenylyl cyclase, which converts ATP to cAMP. cAMP then acts as a second messenger primarily by activating protein kinase A (PKA) (3). PKA is a tetrameric enzyme that consists of a dimeric regulatory (R) subunit and two catalytic subunits (4). Upon binding of cAMP to the R subunits, a conformational change occurs that allows for dissociation of the active catalytic subunits, which can then phosphorylate neighboring substrates. Two classes of PKA holoenzymes, PKA I and PKA II, exist based on the association of two possible RI subunits (RI␣ and RI␤) or two possible RII subunits (RII␣ and RII␤) with four possible catalytic subunits (C␣, C␤1, C␤2, and C␥) (5). In rat granulosa cells of PA and PO follicles, PKA II␣ and PKA II␤ are the predominant PKA isoforms present, whereas less than 5% of PKA holoenzyme activity is contributed by PKA I␣ (6 -8).
Ovarian follicles house the oocyte and, upon maturation, produce steroid and protein hormones that regulate uterine receptivity and the reproductive axis. Follicles exist in a relatively dormant, preantral (PA) 1 state until they are recruited to grow and differentiate to a preovulatory (PO) phenotype by the pituitary hormone follicle-stimulating hormone (FSH) (1, 2) . Maturation of follicles to a PO phenotype involves not only proliferation but also differentiation of the enclosed granulosa cells. FSH triggers these events by binding to its G-proteincoupled receptor, located exclusively on granulosa cells in female mammals, and activating adenylyl cyclase, which converts ATP to cAMP. cAMP then acts as a second messenger primarily by activating protein kinase A (PKA) (3) . PKA is a tetrameric enzyme that consists of a dimeric regulatory (R) subunit and two catalytic subunits (4) . Upon binding of cAMP to the R subunits, a conformational change occurs that allows for dissociation of the active catalytic subunits, which can then phosphorylate neighboring substrates. Two classes of PKA holoenzymes, PKA I and PKA II, exist based on the association of two possible RI subunits (RI␣ and RI␤) or two possible RII subunits (RII␣ and RII␤) with four possible catalytic subunits (C␣, C␤1, C␤2, and C␥) (5) . In rat granulosa cells of PA and PO follicles, PKA II␣ and PKA II␤ are the predominant PKA isoforms present, whereas less than 5% of PKA holoenzyme activity is contributed by PKA I␣ (6 -8) .
The specificity of PKA action is accomplished by the targeting of PKA to specific cellular locales by virtue of its binding to a growing family of A-kinase anchoring proteins (AKAPs). Most known AKAPs anchor RII and exhibit at least a 100-fold lower affinity for RI (9) . RII subunits of PKA bind with nanomolar affinity to AKAPs (5, 10) . The domain on the AKAP responsible for RII binding comprises an amphipathic helix that binds to the N termini of the RII dimer (11) . A growing number of "dual" AKAPs have been identified, although they still exhibit higher affinity for RII over RI (12) (13) (14) (15) . Recent reports, however, indicate that some AKAPs can preferentially bind RI (16 -19) . AKAPs anchor PKA to specific cellular locations, such as the actin cytoskeleton (20, 21) , plasma membrane (22) , mitochondria (23, 24) , Golgi apparatus (25) , centrosome (26) , and nuclear envelope (27) . The localization of PKA to distinct regions within the cell is generally thought to allow for both specific and efficient substrate phosphorylation in response to a specific stimulus (28) .
FSH receptor signaling in PA granulosa cells stimulates the PKA-dependent phosphorylation of a number of signaling intermediates including histone H3 (29) , cAMP-response element-binding protein (CREB) (30, 31) , and an extracellular regulated kinase (ERK)-protein-tyrosine phosphatase that leads to ERK activation (32) . In addition, FSH receptor activation induces the transcription of a number of genes, including those for the luteinizing hormone (LH) receptor and inhibin-␣ as well as the P450 aromatase and side chain cleavage steroidogenic enzymes (33, 34) . On the other hand, in granulosa cells of the PO follicle, LH receptor signaling causes an up-regulation in genes that encode for progesterone receptor and cyclooxgenase-2 while at the same time causing a down-regulation in genes that encode for the LH and FSH receptors, inhibin-␣, and aromatase proteins (33, 35) . Like FSH receptor signaling, LH receptor signaling also stimulates the PKA-dependent phosphorylation of key substrates such as histone H3, CREB, and an unidentified substrate upstream of ERK that leads to the activation of ERK (36) . The fact that PKA plays a predominant role in the pleotrophic signaling events regulated by these hormones in PA versus PO granulosa cells led us to hypothesize that these cells may express different complements of AKAPs to localize PKA to distinct subcellular environments. In this report, we demonstrate that an 80-kDa AKAP that we previously showed is induced in ovarian granulosa cells by FSH (8, 37 ) is microtubule-associated protein 2D (MAP2D).
MAP2 is a microtubule-and microfilament-binding protein localized primarily to dendrites and to nonneuronal glial cells (38, 39) . Most of the reports on MAP2 focus on its role in neurite outgrowth and dendrite development in the brain (40) . MAP2 functions in the brain to stabilize microtubules, to stimulate microtubule assembly, and to regulate cell shape (41, 42) . The MAP2 gene encodes high and low molecular weight protein isoforms that are generated by alternative splicing (43) . MAP2A and MAP2B are high molecular mass isoforms (270 and 280 kDa, respectively), whereas MAP2C and MAP2D are low molecular mass isoforms (70 and 80 kDa, respectively) (44) . The low molecular weight isoforms contain N-and C-terminal regions of the high molecular weight isoforms but lack the large central domain found in high molecular weight MAP2 isoforms. Each isoform contains at least three imperfect microtubulebinding domains in their C termini. MAP2D contains an additional 93-base pair insert, which comprises the fourth microtubule-binding domain that is absent from MAP2C (45, 46) . MAP2 was the first protein to be recognized as an AKAP (47) , and the RII-binding region was localized to amino acids 83-113 in the N-terminal region of the protein and is conserved among all MAP2 isoforms (48) .
Our results show that the neuronal protein MAP2D is induced by FSH and localized to the granulosa cells of the PO follicle and that its expression is maintained in luteal cells following ovulation and corpus luteum formation. MAP2D appears to anchor both RI and RII to the Golgi apparatus in granulosa cells of PO follicles, and, based on antisense oligonucleotide experiments, MAP2D appears to participate in acute LH receptor signaling events. The function of MAP2D in ovarian granulosa cells is thus expected to be quite distinct from its established neuronal roles. Antibodies-Inhibin-␣ antibody was kindly provided by Dr. Wiley Vale of the Salk Institute for Biological Studies (San Diego, CA). The following were purchased: anti-MAP2 mouse monoclonal and anti-␥-tubulin from Sigma; anti-cyclin D2 polyclonal from Santa Cruz Biotechnologies; anti-PKA RI mouse monoclonal and anti-PKA RII␤ mouse monoclonal from BD Biosciences; anti-PKA RII (RII␣ and -␤) goat polyclonal and anti-phospho-CREB (S133) from Upstate Biotechnology, Inc. (Lake Placid, NY); goat anti-mouse rhodamine, goat anti-rabbit fluorescein, goat anti-rabbit rhodamine, donkey anti-goat rhodamine, donkey anti-mouse fluorescein, and goat anti-mouse fluorescein secondary antibodies from Jackson Immunochemicals (West Grove, PA); antiGm 130-fluorescein conjugate from BD Biosciences (Palo Alto, CA), and anti-hemagglutinin (HA) protein of human influenza virus from Roche Applied Science.
EXPERIMENTAL PROCEDURES

Materials
Primary Granulosa Cell Cultures-Sprague-Dawley rats were obtained at 15-18 days of age (Sasco, Baltimore, MD) and maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Rats at 21-24 days of age were injected subcutaneously with either 1.5 mg/ml estrogen for 3 days to obtain PA ovaries or 10 IU of pregnant mares serum gonadotropin (PMSG) to obtain PO ovaries (harvested 48 -50 h postinjection). Ovaries were trimmed to remove the bursa, fat, and oviducts and incubated for 15-30 min at 37°C in 6 mM EGTA in Dulbecco's modified Eagle's medium/ Ham's F-12 medium. Ovaries were then incubated for 5-20 min in 0.5 M sucrose in Dulbecco's modified Eagle's medium/Ham's F-12 medium. Granulosa cells from PA or PO ovaries were expressed by penetration of PA or large PO follicles, respectively, with a 30-gauge needle. The cells were plated at a density of 5-7 ϫ 10 6 in serum-free Dulbecco's modified Eagle's medium/Ham's F-12 medium on plates coated with 0.5 g/ml fibronectin (Invitrogen) and cultured as previously described (29, 37) . Cells were treated the next day, as indicated under "Results."
Detergent-soluble Ovarian Extracts-21-24-Day-old Sprague-Dawley rats (Sasco) were not treated or were injected subcutaneously with 25 IU PMSG 48 h prior to injection with 25 IU hCG, as specified under "Results." Ovaries were harvested at various time points after injections; cooled to 4°C in an iced 10 mM potassium phosphate buffer, pH 7.0; dissected free of bursa, fat, and oviducts; weighed; and homogenized (5:1 ratio of homogenization buffer/wet weight) in buffer A (10 mM potassium phosphate, pH 7.0, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl 2 , 50 mM ␤-glycerol phosphate, 1 mM sodium orthovanadate, 2 mM dithiothreitol (DTT), 40 g/ml phenylmethylsulfonyl fluoride, 10 g/ml E64, 0.5% Nonidet P-40, 0.1% deoxycholate) using 15-20 strokes with a ground glass homogenizer. A supernatant fraction was obtained by centrifugation at 10,000 ϫ g for 10 min at 4°C. Protein concentrations were determined by the Lowry protein assay (49) using bovine serum albumin as the standard.
Electrophoresis and Western Blotting-Total cell extracts were made by harvesting granulosa cells into 300 l of SDS-PAGE sample buffer (50) and boiled. Protein concentrations were controlled by plating equal numbers of cells in each dish for each experiment followed by loading equal volumes onto an SDS-PAGE gel. These cells do not divide under serum-free conditions. The proteins in the cell extracts were separated by SDS-PAGE (51), electrotransferred to Hybond C-extra nitrocellulose overnight at 4°C, and stained for protein loading using Ponceau S. The nitrocellulose blots were incubated with primary antibody at 4°C overnight. Antigen-antibody complexes were detected using ECL.
DEAE-cellulose Chromatography and Sucrose Density Gradient Centrifugation-DEAE-cellulose chromatography was conducted as previously described (52) , collecting fractions (ϳ0.75 ml) in tubes containing 50 l of a concentrated mixture of protease inhibitors (buffer B) at the indicated final concentrations: 10 mM benzamidine, 2 mM DTT, 5 g/ml pepstatin, 10 g/ml leupeptin, 5 g/ml aprotinin, 40 g/ml phenylmethylsulfonyl fluoride, 5 g/ml soybean trypsin inhibitor, 10 g/ml E-64. Protein kinase activity in DEAE fractions was determined in the presence of 0.5 M cAMP and 71.5 M Leu-Arg-Arg-Ala-Ser-Leu-Gly (Kemptide) as substrate (8) (52) . When indicated, DEAE-cellulose fractions (collected in the absence of DTT) were concentrated and subjected to sucrose density gradient centrifugation, as previously described (52) , in the presence of protease and phosphatase inhibitors. Following centrifugation, fractions were mixed with SDS-sample buffer, boiled, and subjected to SDS-PAGE and Western blotting.
RII Overlay Assay and cAMP-agarose Affinity ChromatographyRecombinant murine RII␣ was expressed in Escherichia coli and purified by affinity chromatography on cAMP-Sepharose (53) . For solid phase RII overlay assays, proteins were separated by SDS-PAGE and electrotransferred to Immobilon-P polyvinylidene difluoride (Millipore Corp.), and blots were probed with 0.5 g of recombinant RII␣ phosphorylated using [␥-
32 P]ATP with the catalytic subunit of PKA and then subjected to autoradiography (54) . For cAMP-agarose affinity chromatography, pooled and concentrated DEAE-cellulose fractions were added to cAMP-agarose (0.2-ml packed volume; Sigma) equilibrated in buffer C (10 mM Hepes, pH 7.0, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl 2 , 2 mM DTT, 10 g/ml pepstatin, 10 g/ml leupeptin, 5 g/ml aprotinin, 10 g/ml soybean trypsin inhibitor, 40 g/ml phenylmethylsulfonyl fluoride, 1 mM sodium vanadate, 10 M isobutylmethylxanthine, 20 mM benzamidine, and 10 g/ml E-64) and incubated overnight at 4°C on a Nutator (8) . The flow-through fraction (ϳ1.0 ml) was collected by centrifugation at 5000 ϫ g for 5 min, an aliquot (0.1 ml) was diluted to 0.3 ml, mixed with 0.15 ml of 3-fold SDS-PAGE sample buffer, and boiled. The cAMP-agarose pellet was then washed three times by sequential centrifugations with a total of 3 ml of buffer C, three times with buffer C containing 1 M NaCl, and three times with buffer C containing 0.3 M NaCl, collecting an aliquot (0.3 ml) of the final 1.0-ml wash. cAMPagarose was then incubated at room temperature for 30 min with 0.3 ml of 5 M Ht31 peptide (residues 493-515) in buffer C containing 0.3 M NaCl, collecting eluate from agarose using a syringe followed by boiling after the addition of 3-fold SDS-PAGE sample buffer (0.15 ml). Finally, cAMP-agarose was incubated at room temperature for 30 min with 0.3 ml of 75 mM cAMP in buffer C containing 0.3 M NaCl, collecting eluate as described above.
RNA Isolation and Reverse Transcriptase-PCR-RNA was collected by lysing cultured granulosa cells in 1 ml of Trizol® reagent (Invitrogen) per 3 ml of medium according to the manufacturer's instructions. RNA (5 g) was treated with DNase I (Promega) for 15 min at room temperature and heat-inactivated at 65°C for 10 min. The reverse transcription reaction was performed using 2.5 g of DNase-treated RNA and avian myeloblastosis virus reverse transcriptase (Promega) as described previously (55) . PCR was performed using 500 ng of DNA using primers for MAP2 (forward, 5Ј-CAC AAG GAT CAG CCT GCA GCT CTG-3Ј; reverse, 5Ј-CAC CTG GCC TGT GAC GGA TGT TCT-3Ј) that generate a 756-base pair PCR product (45) or primers for glyceraldehyde-3-phosphate dehydrogenase (forward, 5Ј-CCCTTCATTGACCTCAACTA-3Ј; reverse, 5Ј-CCAAAGTTGTCATGGATGAC-3Ј) that generate a 350-bp PCR product (56) . The PCR consisted of 24 cycles of 94°C denaturation, 55°C annealing, and 72°C elongation steps. The reactions were analyzed on a 1.5% agarose gel containing ethidium bromide.
Immunofluorescence and Immunohistochemistry-For immunofluorescence analysis, granulosa cells from PA follicles were cultured on fibronectin-coated glass coverslips and treated as indicated under "Results." The cells were washed in phosphate-buffered saline (PBS), fixed for 10 min in 4% formaldehyde in PBS, and permeabilized with 0.1% Triton X-100. Coverslips were then washed three times with PBS and blocked for 1 h in 1% bovine serum albumin in PBS. Coverslips were incubated overnight at 4°C in a humidified chamber with primary antibody at a 1:200 dilution (unless otherwise indicated). Coverslips were then washed three times with PBS, incubated for 2 h at 37°C with secondary antibody conjugated to rhodamine or flourescein, as indicated, and washed three times with PBS. Coverslips were then allowed to dry and mounted onto glass slides using Vectashield® mounting medium (Vector Laboratories, Burlingame, CA). The slides were analyzed using a Zeiss LSM510 laser-scanning microscope.
For immunohistochemistry, whole ovaries were harvested in 4% paraformaldehyde, paraffin-embedded, sectioned at 4 m onto glass slides, and subjected to enzyme-induced epitope retrieval immunohistochemistry according to the protocol developed by Northwestern University Robert H. Lurie Cancer Center Pathology Core (Chicago IL).
Immunoprecipitation-For immunoprecipitation of MAP2 from ovarian and brain extracts (see Fig. 3 ), extracts were prepared in buffer A and incubated with 10 l of anti-MAP2 antibody and 30 l of protein AϩG-agarose for 4 h at 4°C on a Nutator. The agarose was then washed with buffer D (20 mM Hepes, 150 mM NaCl, 10% glycerol, and 0.1% Triton-X). Proteins bound to the agarose were eluted by boiling in 50 l of SDS-PAGE sample buffer. For PKA R subunit immunoprecipitations from ovarian extracts and DEAE fractions, samples (containing 500 -800 g of protein in ovarian extracts or 1 ml from pooled DEAE fractions collected in the absence of DTT) were incubated with 1 M dithiobis[succinimidylpropionate] (DSP) (Pierce) in dimethyl sulfoxide for 15 min at room temperature. The cross-linking reaction was stopped by adding 1 M Tris-HCl, pH 7.5, to a final concentration of 25 mM and incubating samples at room temperature for 15 min. Antibody (10 l of anti-MAP2 (Sigma), 25 l of anti-RI (BD Biosciences), 20 l of anti-RII (Upstate Biotechnology), 10 l of anti-HA as a nonimmune (NI) control, 10 l of anti-RII␤ (BD Biosciences Transduction Laboratories)) and 30 l of protein AϩG-agarose was added and incubated for 4 h at 4°C. The agarose was then washed with buffer D. When indicated, proteins were eluted using Immunopure® elution buffer, pH 2.8, that contains a primary amine (Pierce) in three elution steps at 50 l each for a total volume of 150 l. Remaining proteins bound to agarose were eluted by boiling in 100 l of SDS-PAGE sample buffer.
For MAP2D phosphorylation, PO granulosa cells from PMSG-treated rats were incubated for 1 h in phosphate-free medium and then incubated for 2 h in 1.25 mCi of 32 P i /6 ϫ 10 6 cells. Cells were then treated with vehicle or hCG for 15 min and lysed in buffer A, and insoluble cell debris was removed by centrifugation at 10,000 ϫ g for 2 min. Cell extracts were then incubated overnight with 10 l of anti-MAP2 antibody or NI antibody plus 30 l of protein AϩG-agarose on a Nutator. Immunoprecipitates were washed with buffer D, mixed with SDS-PAGE sample buffer, and boiled, and proteins were separated by SDS-PAGE and subjected to autoradiography.
Antisense Oligonucleotide Transfection-Granulosa cells from PA follicles were plated in either 6-well or 60-mm plates coated with 100 ng/ml poly-L-lysine. Prior to hormone treatment, either a MAP2 antisense oligonucleotide (18-mer; CTC GTC AGC CAT CCT TCA) (41, 44) or a scrambled oligonucleotide (18-mer; ATT CCA GTA CGC TCC CCT), diluted in 10 mM Tris-HCl, pH 7.5, 1 mM EDTA buffer, was added to the cells at a concentration of 10 g/ml. Oligonucleotides were added every 12 h during the 72-h incubation period. Total cell extracts were collected in SDS-PAGE sample buffer and analyzed by gel electrophoresis and Western blotting.
Purification of AKAP 80 -Ovaries from 110 PMSG-primed rats were flash frozen in liquid nitrogen; ground with a mortar and pestle; scraped into buffer E (20 mM Hepes, pH 7.4, 20 mM NaCl, 5 mM EDTA, 2 mM DTT, 1 mM EGTA, 5 g/ml pepsatin and aprotinin, 10 g/ml leupeptin and E64, 50 g/ml soybean trypsin inhibitor, 10 mM benzamidine), which was maintained at 100°C; homogenized using a Polytron® homogenizer (Brinkman Instruments, Westbury, NY); and boiled for 20 min. The homogenate was chilled to 4°C, fresh protease inhibitors as well as 10 M isomethylbutylxanthine and 1 mM sodium vanadate were added, and a soluble extract was obtained upon centrifugation at 5000 ϫ g for 10 min at 4°C. Boiling was performed based on evidence that AKAP 80 was heat-stable (data not shown). The soluble extract was applied to 15 g of DEAE-cellulose, and AKAP 80 was batch-eluted with 0.1 M potassium phosphate, pH 7.0. The DEAE eluate was then incubated with 2 ml of cAMP-agarose beads complexed with 20 g of recombinant RII␣ and 35 g of recombinant RII␤ subunits of PKA overnight at 4°C. The cAMPagarose was then washed extensively, and the bound AKAPs were eluted with 50 ml of 75 mM cAMP in buffer C containing 0.3 M NaCl. The proteins in the cAMP eluate were precipitated with 15% trichloroacetic acid, and the trichloroacetic acid pellet was washed with ethanol, resuspended in 100 l of SDS-PAGE sample buffer, and boiled. Following confirmation (by RII overlay assay) that AKAP 80 was present in 0.5 l of the reconstituted trichloroacetic acid pellet, the remaining 99 l was subjected to SDS-PAGE. The portion of the gel ϳ80 kDa was cut and sent to the Harvard Microchemistry Facility for sequence analysis by microcapillary reverse-phase high pressure liquid chromatography nanoelectrospray tandem mass spectroscopy on a Finnigan LQC DECA quadrupole ion trap mass spectrometer. Peptide sequence identification was based on the Sequest algorithm.
RESULTS
FSH and Dexamethasone Induce the Expression of MAP2D-We
previously reported that FSH induces the expression of an 80-kDa heat-stable AKAP as granulosa cells mature from a PA to a PO phenotype (8, 37, 58) . AKAP 80 is also induced by dexamethasone (DEX) (58) . AKAP 80 was partially purified by cAMP-agarose affinity chromatography from boiled ovarian extracts of PMSGprimed rats and subjected to SDS-PAGE, and peptides from ϳ80-kDa proteins were separated by mass spectrometry, as detailed under "Experimental Procedures." A BLAST search revealed sequence identity to a peptide (KIDFSK) unique to the fourth microtubule binding domain of the 80-kDa protein MAP2D. The high molecular weight MAP2s were the first AKAPs to be identified and contain an N-terminal 31-amino acid RII binding domain that is conserved in the MAP2D splice variant (46) .
We therefore hypothesized that AKAP 80 corresponded to MAP2D. To test this hypothesis, granulosa cells from PA follicles were treated for 72 h with vehicle, FSH, or DEX, and total cell extracts were subjected to an RII overlay assay and Western blotting using an antibody to MAP2 that detects MAP2A, -2B, -2C, and -2D (45) . The RII overlay detects induction of AKAP 80 by FSH and an even greater induction by DEX (Fig.  1A) . The corresponding Western blot shows that FSH and DEX induce a similar pattern of expression of a MAP2 isoform at 80 kDa (Fig. 1B) . Additionally, two-dimensional gel electrophoresis showed an equivalent migration pattern for AKAP 80 (8) and MAP2D as detected by Western blotting (data not shown).
We compared the time course of expression of MAP2D and AKAP 80. Granulosa cells were treated with FSH for 0, 8, 24, 48, or 72 h. Total cell lysates were then subjected to both an RII overlay assay and an immunoblot with the MAP2 antibody ( Fig. 2A) . FSH treatment for 48 h promotes an increase in MAP2D expression that corresponds to the increase in AKAP 80. Both MAP2D and AKAP 80 expression remain elevated at 72 h post-FSH ( Fig. 2A, lanes 4 and 5) . Since heat stability is a defining characteristic of AKAP 80, we tested the heat stability of MAP2D. Granulosa cells treated for 72 h with FSH were collected in buffer A and boiled for 15 min. Soluble heat-stable proteins were obtained by centrifuging the boiled extract at 10,000 ϫ g for 10 min at 4°C. Results show that MAP2D, like AKAP 80, is heat-stable ( Fig. 2A, lane 6) , consistent with reports for MAP2 (59) . To confirm that the 80-kDa AKAP induced by FSH as cells mature to the PO phenotype is MAP2D, ovarian extracts enriched in PO follicles were subjected to immunoprecipitation using the MAP2 antibody and a mouse monoclonal antibody as a NI control. The resulting immunoprecipitations were subjected to an RII overlay assay. As shown in Fig. 2B , the MAP2 antibody selectively immunoprecipitates RII binding activity exclusively at 80 kDa. Moreover, immunoprecipitation of MAP2D with anti-MAP2 antibody (Fig. 2C , lane 2) depletes extracts of AKAP 80 (Fig. 2C, lane 1) . Taken together, these results confirm the identity of AKAP 80 as MAP2D.
In order to show that FSH increases the gene expression of MAP2D, reverse transcriptase-PCR was performed. Results showed that whereas there is detectable MAP2D mRNA expression in vehicle-treated cells, FSH up-regulates the expression of MAP2D mRNA by 48 h post-treatment (Fig. 2D, lanes 2  and 3) . Glyceraldehyde-3-phosphate dehydrogenase was used as an internal loading control.
MAP2D Is the Only MAP2 Isoform Expressed in the Ovary and Is Expressed Only in Granulosa Cells of PO Follicles and
the Corpus Luteum-Our identification of AKAP 80 as MAP2D is the first report of the expression of a member of the MAP2 protein family in the ovary. Since the MAP2 family of proteins was previously thought to be localized primarily to neural cells (40, 41, 60, 61) , we sought to compare the expression of MAP2 in ovarian extracts with that of brain extracts. Rats were not injected or were injected with PMSG for 48 h to induce maturation of PA follicles to a PO phenotype or were injected with PMSG for 48 h followed by hCG for 1 h. The ovaries as well as the brains from PMSG-treated rats were harvested, homogenized in detergent-enriched buffer A, and subjected to immunoprecipitation with the MAP2 antibody. A Western blot using the MAP2 antibody revealed that whereas all four isoforms of MAP2 are present in the brain (Fig. 3, lane 4) , only the MAP2D isoform is present in the ovary (Fig. 3, lane 4 compared with  lanes 2 and 3) . These results also demonstrate that MAP2D is only present in ovarian extracts enriched in PO follicles (Fig. 3,  lanes 2 and 3, compared with lane 1) .
To further explore the expression of MAP2D in the ovary, whole ovarian extracts were analyzed for MAP2D protein during both the follicular and luteal phases of maturation. For Fig.  4A , rats were injected with 25 IU of PMSG to induce the maturation of PA to PO follicles. Some rats were also injected first with 25 IU of PMSG and 48 h later with 25 IU of hCG to induce ovulation (ϳ12 h post-hCG injection) and corpus luteum formation. The ovaries were harvested at the indicated time points, and ovarian extracts were subjected to both an RII overlay assay and Western blot with the MAP2 antibody. Blots were also probed with an antibody to cyclin D2 as a loading control. Consistent with in vitro granulosa cell results seen in Fig. 2A , the expression of MAP2D in vivo is induced by PMSG by 48 h (Fig. 4A, lane 4) . Treatment with hCG did not substantially alter the expression of MAP2D; MAP2D expression is maintained throughout the luteal phase (Fig. 4A, lanes 5-10) . These results suggest that MAP2D may play a role not only in the PO follicle but also in the corpus luteum. To determine whether MAP2D was restricted to granulosa cells or was expressed in other ovarian cells, we performed immunohistochemistry on paraffin-embedded sections of whole rat ovaries. Rats were injected with PMSG for 48 h or injected with PMSG for 48 h and then with hCG for 48 h to stimulate ovulation and corpus luteum formation. Paraffin-embedded sections were incubated with antibodies to either MAP2 or, as a positive control, inhibin-␣. Inhibin-␣ is induced by PMSG in granulosa cells of PO follicles and is absent from the corpus luteum (33, 62) . Protein expression of both MAP2D and inhibin-␣ was low in PA follicles (Fig. 4B, a and e) . PMSG induces the expression of both inhibin-␣ and MAP2D in the PO follicle (Fig. 4B, b and f) . Like inhibin-␣ expression, the expression of MAP2D is localized to the granulosa cell layer of the PO follicle, with minimal expres- sion in the thecal, stromal, and surface epithelial cells of the ovary (Fig. 4B, c and g ). In contrast to inhibin-␣ expression, which is down-regulated in response to the preovulatory LH surge (62), MAP2D expression is maintained after ovulation and in the cells of the corpus luteum (Fig. 4B, d and h) .
MAP2D Is Phosphorylated in Granulosa Cells-Phosphorylation of the MAP2 family of proteins has been extensively studied in the brain (43, 63) . MAP2 phosphorylation has been shown to regulate its association with other proteins as well as the microtubule network (43, 63, 64) . At least 15 of the 46 phosphorylation sites present in the high molecular weight MAP2 isoforms are conserved in MAP2D (43) . We first sought to determine whether or not an acute treatment of PO granulosa cells with hCG stimulated MAP2 phosphorylation. To this end, granulosa cells from PMSG-primed rats were cultured overnight in the presence of 32 P i and treated the next day for 10 min with either vehicle or hCG. Cell lysates were then subjected to immunoprecipitation using the MAP2 antibody or a mouse monoclonal NI control. MAP2D was already phosphorylated in vehicle-treated cells (Fig. 5A, lane 1) , and acute treatment with hCG did not further increase the phosphorylation of MAP2D (Fig. 5A, lane 2) .
32 P-Labeled MAP2D protein was absent from NI control immunoprecipitations (Fig. 5A,  lanes 3 and 4) . Since MAP2D was already phosphorylated in vehicle-treated cells, we sought to determine the time point at which MAP2D was phosphorylated relative to its expression using an antibody that recognizes MAP2 phosphorylation on Thr 256 and/or Thr 259 in the proline-rich domain (MAP2 305 antibody) (43) . Granulosa cells from PA follicles were treated with FSH for 0, 24, 48, and 72 h, and total cell lysates were subjected to Western blotting. MAP2 phosphorylation on Thr 256 and/or Thr 259 matched the expression of MAP2D in
FIG. 2. In vitro expression of MAP2D.
A, granulosa cells from estrogen-primed rats were treated with 50 ng/ml FSH for 0, 8, 24, 48, or 72 h. Total cell extracts were boiled in SDS-PAGE sample buffer and subjected to either RII overlay assay (top) or Western blotting using a mouse monoclonal MAP2 antibody (bottom). Lane 6, cells were harvested in buffer A, boiled for 10 min, and centrifuged at 10,000 ϫ g for 10 min at 4°C, and the supernatant fraction was loaded onto the gel. Results are representative of three separate experiments. B, detergent-soluble ovarian extracts from PMSG-treated rats (500 g of protein) were subjected to immunoprecipitation using either the mouse monoclonal anti-MAP2 antibody (10 l) or control NI mouse anti-HA antibody (10 l) in the presence of protein AϩG-agarose. The agarose pellets were washed in buffer D, and proteins were separated by SDS-PAGE, blotted to Immobilon, and subjected to an RII overlay assay as described under "Experimental Procedures." Results are representative of two separate experiments. C, detergent-soluble ovarian extracts from PMSG-treated rats (800 g of protein) were subjected to immunoprecipitation using either the mouse monoclonal anti-MAP2 antibody (10 l) or control NI mouse anti-HA antibody (10 l) in the presence of protein AϩG-agarose in a total volume of 200 l. The flow-through (FT) collected upon pelleting the agarose was boiled, and 50% was subjected to SDS-PAGE. P, washed agarose pellet. Following SDS-PAGE, proteins were subjected to an RII overlay assay. Results are representative of two separate experiments. D, cells were treated with 50 ng/ml FSH for either 0 or 48 h. Cells were harvested in 1 ml of Trizol® reagent, and RNA was isolated by phenol/chloroform extraction and isopropyl alcohol precipitation. 500 ng of RNA was DNase-treated and subjected to reverse transcriptase-PCR using the primers and conditions described under "Experimental Procedures. "   FIG. 3 . MAP2 isoform expression in rat ovary compared with brain. Rats were injected with vehicle (Veh) or 25 IU of PMSG, and ovaries were harvested 48 h later. For hCG treatment, rats were injected with 25 IU of hCG 48 h post-PMSG injection, and ovaries were obtained 1 h post-hCG. Brain tissue was collected 48 h post-PMSG injection. Soluble extracts were made by homogenizing ovaries or brain in buffer A and centrifugation (10 min, 10,000 ϫ g, 4°C). MAP2 was immunoprecipitated from soluble extracts (500 g of protein in a total volume of 500 l) as described under "Experimental Procedures." Results are representative of three separate experiments. response to FSH treatment (Fig. 5B , compare top with middle and lower panels). These results suggest that MAP2D is phosphorylated either coincidentally with or soon after its synthesis at least on Thr 256 and/or Thr 259 .
MAP2D Associates with the R Subunits of PKA in Granulosa
Cells of PO Follicles-We previously showed that AKAP 80 preferentially binds RII␣ over RII␤ in an in vitro solid phase overlay assay (37) . However, we also showed, following separation of PKA holoenzymes in ovarian extracts by DEAE-cellulose chromatography, that AKAP 80 copurified with DEAE fractions containing PKA II␤ holoenzyme as well as catalytic subunit-free RI and not with PKA II␣ holoenzyme or the prominent peak of catalytic subunit-free RII␤ (8) . We therefore sought to ascertain whether MAP2D additionally anchored RI as well as RII subunits in granulosa cells. Most known AKAPs predominately anchor RII and exhibit at least a 100-fold lower affinity for RI (9) . A growing number of "dual" AKAPs readily bind RI (12-15, 18 ), yet these AKAPs still exhibit a 10 -25-fold
FIG. 4. Expression of MAP2D during ovarian differentiation.
A, rats were not treated or were injected with either 25 IU of PMSG or with 25 IU of PMSG followed by 25 IU of hCG. Ovaries were harvested at the time points indicated after injections. Soluble extracts were made by homogenizing whole ovaries in buffer A, as described under "Experimental Procedures." Equal concentrations of protein (60 g) were loaded. Following SDS-PAGE and transfer, blots were subjected to RII overlay assay (top) or Western blotting using anti-MAP2D antibody or, as a loading control, anti-cyclin D2 antibody. Results are representative of two separate experiments. B, rats were injected with either 25 IU of PMSG or with 25 IU of PMSG followed by 25 IU of hCG. Ovaries were harvested 48 h post-PMSG or 48 h post-hCG into 4% paraformaldehyde. Ovarian tissue was sectioned onto glass slides and subjected to immunohistochemistry. -Fold magnification is indicated at the bottom. Results are representative of two separate experiments.
FIG. 5. Phosphorylation of MAP2D in granulosa cells.
A, PO granulosa cells obtained from rats 48 h after injection of 10 IU of PMSG were incubated overnight with 0.5 mCi of 32 P i to label cellular ATP pools. Granulosa cells were then treated for 10 min with vehicle or 1 IU/ml hCG. Cell extracts were prepared in buffer A and then subjected to immunoprecipitation with indicated antibodies, as detailed under "Experimental Procedures." Following SDS-PAGE, gel was dried and exposed to film. Results are representative of three separate experiments. B, granulosa cells were treated with 50 ng/ml FSH for the times indicated, and total cell extracts were subjected to Western blotting with either MAP2 antibody or anti-phospho-MAP2 (antibody 305) or to RII overlay. Results are representative of two separate experiments.
preference for PKA II (65) . However, some recently described AKAPs appear to preferentially bind RI (16 -19) .
To determine whether MAP2D additionally bound to RI, we performed immunoprecipitations from ovarian extracts. Under standard immunoprecipitation conditions, neither RI nor RII antibodies immunoprecipitated detectable levels of MAP2D (not shown). However, upon cross-linking of proteins with the reversible cross-linker DSP, RI antibodies immunoprecipitated primarily a slower migrating form of MAP2D from ovarian extracts, whereas detectable levels of MAP2D were never immunoprecipitated with RII antibodies (Fig. 6A) . The reverse immunoprecipitations were unsuccessful, because we could not distinguish RI and RII from the prominent IgG bands in our immunoprecipitates. These results suggested that MAP2D could be an RI-preferential AKAP in ovarian extracts. If this is true, then MAP2D and RI should copurify.
We therefore sought to compare the DEAE-cellulose elution positions of MAP2D, RI, and RII. Ovarian PKAs are separated by DEAE-cellulose chromatography into three peaks of kinase activity (8, 52 ) (see Fig. 6C ). We have previously established that peak 1 consists of the PKA I holoenzyme; peak 2 consists of catalytic subunit-free RI and a PKA II␤ holoenzyme; and peak 3 consists of a second PKA II␤ holoenzyme, a relatively minor PKA II␣ holoenzyme, and a prominent peak of catalytic subunit-free RII␤ (8, 52) . The elution positions of MAP2D, RI, RII, PKA activity, and the PKA C subunit are shown in Fig. 6 , B and C. Notably, the highest concentrations of RI are detected in DEAE peak 2 (fractions 25-39), consistent with the more acidic elution of this prominent peak of catalytic subunit-free RI relative to PKA I holoenzyme (52, 66, 67) . The majority of RII elutes in peak 3. The peak of MAP2D co-elutes with the PKA I holoenzyme in peak 1, although a portion of the MAP2D also elutes in the same fractions as RI and RII in peak 2. However, MAP2D does not coelute with the bulk of the RII protein in peak 3.
We then bound PKA R subunits in pooled fractions from DEAE peaks 1 plus 2 versus peak 3 to cAMP-agarose. We compared the elution of MAP2D and PKA R subunits using Ht31, a synthetic peptide derived from the amphipathic helical region of the human thyroid Ht31 AKAP (10) , to compete with AKAPs for binding to PKA RII subunits (69) , thus competing off RII-AKAPs. cAMP was used to compete off R subunits and remaining RI AKAPs bound to R subunits. Results showed that a portion of the MAP2D in DEAE peaks 1 and 2 was eluted with the RII AKAP Ht31 (Fig. 6D, lane 2) , and as expected, none of the R subunits were eluted. cAMP effectively eluted RI and RII as well as a significant fraction of the MAP2D, possibly bound to RI. MAP2D was not detected in DEAE peak 3 cAMP-agarose eluates (Fig. 6D, lanes 4 -6) , where the majority of RII protein was present. These results confirm that MAP2D is bound to R subunits in DEAE fractions that contain RI and RII (pooled from DEAE peak 1 and 2 fractions) but is not bound to R subunits in fractions that contain predominately RII (pooled peak 3 fractions). Moreover, these results showing differential elution of MAP2D with the RII AKAP Ht31 versus cAMP suggest that MAP2D is dual AKAP.
To explore more directly the association of MAP2D with RI and RII, we performed coimmunoprecipitation experiments from DEAE column fractions containing MAP2D, RI, and RII. Fractions were incubated with the cross-linking reagent DSP and then subjected to immunoprecipitation with antibodies to MAP2, RI, RII, or NI controls. An aliquot of the starting material representing 10% of the total volume was stopped in SDS-PAGE sample buffer and loaded onto the gel (Fig. 6E,  lanes 1 and 5) . Bound proteins were eluted with an acidic elution buffer (and are labeled IP). Immunoprecipitation from DEAE peak 1 fractions (region a in Fig. 6C ) with either MAP2 or RI antibody pulled down MAP2D protein (Fig. 6E, lanes 2  and 3) . However, when immunoprecipitations were conducted with DEAE peak 2 fractions (region b in Fig. 6C ), MAP2 antibody and to a much lesser extent RII antibody pulled down MAP2D, whereas MAP2D was undetectable in anti-RI antibody immunoprecipitations (Fig. 6E, lanes 5-9) .
These results suggest that MAP2D may preferentially associate with RI over RII but that not all of the RI is bound to MAP2D. Indeed, upon sucrose density gradient centrifugation (52) of DEAE peak 2, the majority of MAP2D and catalytic subunit-free RI␣ co-sediment with hemoglobin at 4.6 S (not shown), consistent with both RI and MAP2D existing in an unbound state. However, MAP2D also co-sediments with both PKA I and II from DEAE peaks 1 and 2, respectively (not shown), consistent with the formation of a larger complex.
We also evaluated the associations of MAP2D and R subunits by coimmunoprecipitation from DEAE-cellulose fractions corresponding to peaks 1 and 2 that were batch-eluted and then concentrated. Consistent with results shown in Fig. 6E , immunoprecipitation with MAP2D but not with NI antibodies depleted the extract of RI (Fig. 6F, lanes 1 and 2) . RII was obscured by the prominent immunoglobulin band in MAP2 immunoprecipitation. Immunoprecipitation with RII but not with NI antibodies diminished RII from sucrose density gradient fractions containing PKA II␤ peak (not shown) and immunoprecipitated MAP2 (Fig. 6F, lanes 3 and 4) . These results show that whereas MAP2D appears to strongly associate with RI (see Fig. 6, E and F) , it also binds RII␤ in ovarian extracts. We conclude that MAP2D is a dual RI/RII AKAP.
RI and RII Colocalize with MAP2D in the Golgi Apparatus of PO Granulosa Cells-We next sought to determine whether or not an association between MAP2D and RI and RII was evident in PO granulosa cells as detected by immunofluorescence. Granulosa cells from PA follicles were plated on glass coverslips and treated for 72 h with either vehicle or FSH. The coverslips were fixed, blocked, and incubated with the MAP2D antibody overnight and subsequently with a secondary antibody conjugated to rhodamine or fluorescein labels, as indicated, and then visualized using confocal microscopy. The induction of MAP2D in FSH-treated granulosa cells is readily detected (Fig. 7A, compare a and c) . The arrows (Fig. 7A, c and  d ) mark the location of concentrated amounts of MAP2D in a prominent, phase-dense circular structure of the cell located adjacent to the nucleus, which is not detected in vehicle-treated cells (Fig. 7A, b) . Both RI and RII co-localized to this phasedense structure in PO granulosa cells (Fig. 7B, e-h and i-l) , although both RI and RII are also detected throughout the cytoplasm of PO cells.
In order to identify this phase-dense structure in PO granulosa cells that appears to concentrate MAP2D, we determined whether this structure reacted with antibodies that mark the centrosome, the Golgi apparatus, or the actin cytoskeleton. Results show that this circular structure does not correspond to the actin cytoskeleton (Fig. 7C, m-p) or the centrosome (Fig.  7C, q-t) , based on the inability of actin phalloidin or an antibody to ␥-tubulin, respectively, to localize at this spot. However, incubation of coverslips with an antibody to the Golgi matrix protein Gm 130 conjugated to fluorescein together with the MAP2 antibody shows that both MAP2D and Gm 130 localized to this phase-dense, circular structure (Fig. 7D, u-x) . Treatment of granulosa cells, cultured on glass coverslips with FSH for 72 h, with 10 g/ml brefeldin A for 1 h, which has been shown to disrupt the Golgi apparatus as well as to disrupt the Golgi localization of anchor proteins such as AKAP 350 (70), caused a redistribution of MAP2D and Gm 130 out of the FIG. 6 . DEAE-cellulose and cAMP-agarose affinity chromatography of PO ovarian extracts. A, detergent-soluble ovarian extracts (800 g of protein in 300 l) were prepared (without DTT), subjected to cross-linking by incubating with 1 mM DSP for 15 min at room temperature, and then subjected to immunoprecipitation using the indicated antibodies (anti-MAP2 (Sigma), anti-RI (BD Biosciences), and anti-RII (Upstate Biotechnology)). Flow-through (FT) represents 27% of the extract that was not pulled down by the antibody-agarose complex. IP, immunoprecipitated complex. Samples were subjected to SDS-PAGE and blotted with anti-MAP2 antibody. Results for RII and NI immunoprecipitations are overexposed to confirm the absence of signal in the immunoprecipitation complex lanes. Results are representative of three separate experiments. B, ovaries from 15 rats were harvested 48 h post-PMSG injection and homogenized in buffer E, and a soluble extract was prepared by centrifuging at 105,000 ϫ g for 15 min and loading onto a DEAE-cellulose column. Proteins were eluted with a linear salt gradient, collecting fractions in buffer B but without DTT. Aliquots of odd-numbered fractions were mixed with SDS-PAGE sample buffer, boiled, and subjected to SDS-PAGE and Western blotting with the indicated antibodies. Results are representative of four separate experiments. C, a graphic representation of the Western data presented in B but now normalized to percentage of maximal signal. Also shown is the cAMP-stimulated PKA activity, also normalized to percentage of maximal signal (lower portion of C). In D, fractions from the indicated DEAE-cellulose peak fractions (shown in C) were pooled, concentrated, and incubated with cAMP agarose. The agarose was washed with low and high salt buffers to remove nonspecifically bound proteins, and the final wash (FW) was collected. Specifically bound AKAPs were eluted first with 5 M Ht31 (Ht31) and then with 75 mM cAMP. The samples were mixed with SDS-PAGE sample buffer and boiled, and aliquots were then subjected to SDS-PAGE and Western blotting using the antibodies indicated. Results are representative of four separate experiments. E, fractions from indicated regions of the DEAE-cellulose column (shown in C) were pooled, 1-ml aliquots were incubated with the protein cross-linker (DSP; 1 M) for 15 min at room temperature, and samples were subjected to immunoprecipitation with the indicated antibodies (see A). A 100-l aliquot of the 1-ml starting material was boiled and applied to the gel (Load). Agarose pellets were washed with buffer D, and proteins were eluted from the protein AϩG-agarose with 150 l of Immunopure® elution buffer, pH 2.8, mixed with SDS-PAGE sample buffer, and boiled. 67% of the total eluate (IP) was loaded onto the gel for SDS-PAGE. Results are representative of two separate experiments. F, immunoprecipitations from pooled and concentrated DEAE peak 1 and 2 fractions (lanes 1 and 2) or from PKA II␤ holoenzyme in these fractions that was sedimented by sucrose density gradient centrifugation (lanes 3 and 4) were conducted with Sigma anti-MAP2 antibody, anti-HA (NI), or BD Biosciences anti-RII␤ antibodies. Lanes 1 and 2, immunodepletion results for proteins that were not imunoprecipitated. Lanes 3 and 4, immunoprecipitation results. Results are representative of two independent experiments. circular structure and into the cytosol (Fig. 7D, y-bЈ) . This result provides evidence that MAP2D localizes to the Golgi apparatus in PO granulosa cells. Taken together, these results indicate that MAP2D is localized in granulosa cells at a large circular structure of the Golgi apparatus and suggest that this MAP2D may anchor a portion of the cellular PKA RI and perhaps RII in granulosa cells of PO follicles through its association with the Golgi apparatus.
MAP2D Plays a Functional Role in LH Receptor
Signaling Events-To begin to ascertain the physiological role of MAP2D in granulosa cells of PO follicles, we explored the effect of antisense oligonucleotides against MAP2D on LH receptor signaling responses. Granulosa cells from estrogen-primed rats were treated with vehicle or FSH for 72 h and treated with either scrambled or antisense MAP2 oligonucleotides that have been shown to inhibit MAP2 expression in neuronal cells (41) . In the presence of the scrambled, control MAP2 oligonucleotide, FSH induced MAP2D expression over vehicle (Fig. 8,  compare lanes 1 and 2) . In the presence of the antisense MAP2 oligonucleotide, FSH-induced MAP2D expression is decreased by 35 Ϯ 5% (mean Ϯ range, n ϭ 2) relative to total ERK protein compared with MAP2D protein expression in control FSHtreated cells (Fig. 8, compare lanes 2 and 5) . The effect of decreased MAP2D expression on CREB phosphorylation stimulated by the LH receptor agonist hCG was examined by treating the cells for 72 h with FSH and subsequently treating with hCG for 10 min in the presence of either the scrambled or the antisense MAP2 oligonucleotide. Under control conditions, hCG stimulated CREB phosphorylation (Fig. 8, compare lanes   2 and 3) . When MAP2D expression was decreased by MAP2D antisense oligonucleotides, hCG-stimulated CREB phosphorylation was inhibited 62 Ϯ 12% (mean Ϯ range, n ϭ 2) relative to total ERK protein (Fig. 8, compare lanes 3 and 6) . However, hCG-stimulated histone H3 phosphorylation was not reduced when MAP2D protein levels were reduced (not shown). These results suggest that MAP2D may play a crucial role in acute select PKA-mediated hCG-stimulated signaling events in granulosa cells. DISCUSSION Our results demonstrate that the 80-kDa AKAP induced by FSH as ovarian granulosa cells mature from a PA to a PO phenotype corresponds to the neuronal protein MAP2D. MAP2 has been extensively studied in brain tissue not only as a microtubule-binding protein necessary for neurite outgrowth (38) but also as an RII-binding protein (47, 48) . MAP2D is a low molecular weight splice variant of the MAP2 protein that is expressed predominately in adult brain (44) and functions to stabilize microtubules and especially microfilaments (42) . Our results show that only the MAP2D isoform, and not the other MAP2 family members, is expressed in the ovary and that its expression is induced by FSH and restricted to PO granulosa cells. Moreover, whereas MAP2D is distributed throughout the granulosa cell, it is concentrated at a distinct, phase-dense circular region of the Golgi apparatus, as evidenced by its ability to co-localize with the Golgi marker Gm 130 and the ability of brefeldin A to redistribute MAP2D out of this circular structure. MAP2D does not localize to the actin cytoskeleton or the centrosome (the microtubule-organizing center), as evidenced by its inability to co-localize with actin phalloidin or ␥-tubulin. These results suggest that, in contrast to its localization in neurons, the portion of MAP2D that is concentrated at the Golgi in PO granulosa cells does not appear to be associated with the microfilament or microtubular networks present in granulosa cells (71, 72) . However, since microtubules are important for the cellular position and organization of the Golgi (73, 74) , additional studies are required to determine whether the MAP2D in granulosa cells is associated with the microtubules that are specifically associated with the Golgi apparatus. Additional studies are also required to determine whether the remaining MAP2D not associated with the Golgi is associated with the microtubule network in granulosa cells.
Neuronal MAP2 contains a large number of phosphorylation sites that can be phosphorylated by a variety of kinases including PKA, ERK, glycogen synthase kinase 3␤, casein kinase II, cyclindependent kinases, and protein kinase C (43) . It is generally believed that the phosphorylation of MAP2 reduces its association with microtubules (43) . At least 15 of the 46 phosphorylation sites present in MAP2A/2B are conserved in MAP2D (43) . MAP2C, which is identical to MAP2D except that it is missing the fourth microtubule binding domain present in MAP2D (45) , is phosphorylated by glycogen synthase kinase 3␤ in the prolinerich domain, resulting in an inhibition of microtubule bundling (64) , and by PKA at KXGS motifs, resulting in a disruption of MAP2C-microtubule interaction and increased localization of MAP2C with actin at membrane ruffles (63) . In granulosa cells from PO follicles, we have shown, upon labeling of intracellular ATP pools with 32 P i , that MAP2D is phosphorylated in the absence of acute hormone stimulation. Acute LH receptor signaling in response to the LH receptor agonist hCG has no detectable effect on the amount of phosphorylated MAP2D protein; how- ever, it is possible that hCG stimulates a rearrangement of phosphorylated sites on MAP2D to modulate its association with cellular organelles or other proteins. MAP2D phosphorylation on Thr 256 /Thr 259 in the proline-rich domain, which immediately precedes the four microtubule binding domains, appears to be coincident with MAP2D expression in response to FSH treatment; however, the consequence of this phosphorylation has not yet been determined. Since it is well documented that MAP2 phosphorylation reduces its affinity for microtubules (43, 63) , our results suggest that the majority of MAP2D in PO granulosa cells might not be associated with the microtubule network that extends from the centrosome to the cells' periphery. It is possible, however, that the phosphorylation of MAP2D on Thr 256 /Thr 259 or on other sites regulates its association with the microtubule network selectively associated with the Golgi apparatus in PO granulosa cells.
Most of the AKAPs identified have been shown to bind RII subunits with at least a 100-fold higher affinity than RI (9) . Even the dual specificity AKAPs, such as sAKAP-84 and DAKAP 1 and 2, bind RII with as much as a 25-fold higher affinity over RI (65) and appear to contain overlapping RI/RII binding domains (76) . The sperm fibrous sheath protein FSC1 contains two separate RI binding domains, one of which also binds RII, and this protein preferentially pulls down RI from testis extracts (18) . Similarly, the neurofibromatosis 2 tumor suppressor protein merlin (16) as well as the peripheral type benzodiazepine receptor-associated protein PAP7 (19) preferentially binds RI. MAP2 contains a well characterized RII binding domain in its N-terminal region (48) that in vitro preferentially binds RII␣ over RII␤ (78) . Using a solid phase in vitro RII overlay binding assay, we showed that MAP2D also preferentially binds RII␣ over RII␤ (37) . These results establish that MAP2D is an RII AKAP. Although Therakauf et al. (47) showed that purified brain microtubules bound equal amounts of RII␣ and RII␤ but did not bind RI, using a cAMP photoaffinity ligand to identify RI and RII subunits, fractionation and immunoprecipitation data from granulosa cells suggest that MAP2D is a dual AKAP that appears to preferentially associate with RI. This result suggests a unique role for MAP2D as a selective RI-binding AKAP in granulosa cells of the PO follicle. However, the PKA I holoenzyme comprises a very small fraction (ϳ5%) of the PKA holoenzyme activity in PO granulosa cells (8) (see Fig. 6C ). Although the predominant PKA holoenzyme contains RII␤ subunits, the RII␤ knock-out mouse is fertile (79) , and RII␤ is compensated for by an increase in RI, at least in adipose tissue (80) . Our results show that whereas MAP2D and RI coelute upon ion exchange chromatography of PO ovarian extracts (see Fig. 6C ) and coimmunoprecipitate (see Fig. 6E ), MAP2D also coelutes and coimmunoprecipitates with RII. However, not all of the MAP2D in granulosa cells is bound to R subunits. Likewise, most of the RII␤ and RI␣ do not appear to be associated with MAP2D, based on their distinct elution positions from DEAE-cellulose (see Fig. 6C ). Both RI and RII colocalize with MAP2D in the Golgi matrix, as evidenced by confocal microscopy. However, there are other AKAPs associated with the Golgi apparatus that appear to preferentially bind either RII, such as MTG (81), an unidentified 85-kDa AKAP (57) , and AKAP 350 (70) or RI, such as PAP7 (19) . Thus, RI and RII localized to the Golgi are not exclusively bound to MAP2D. Taken together, these results suggest that MAP2D binds RI and RII; that the association of MAP2D with RI and RII is tightly regulated, since significant fractions of MAP2D, RI, and RII are not associated; and that the binding of RI and RII to MAP2D probably reflects distinct cellular localizations of these proteins.
Inhibition of MAP2 expression using antisense oligonucleotides in cultured rat cortical neurons inhibits elongation of neurites as well as causing destabilization of microtubules (41) . Inhibition of MAP2D expression in PO granulosa cells inhibited the ability of hCG to effectively stimulate the PKA-mediated phosphorylation of the signaling intermediate CREB. This result suggests that MAP2D may play a functional role in acute LH receptor signaling events, possibly by acting as a molecular scaffold that coordinates the actions of PKA to phosphorylate select substrates. Perhaps MAP2D is a key component of the mechanism that distinguishes PKA signaling in granulosa cells of PA follicles compared with that of PO follicles. In summary, we have shown that the neuronal protein MAP2D is also expressed in ovarian granulosa cells in response to the hormone FSH. We identify MAP2D as an apparent dual RI/RII AKAP based on its ability to coimmunoprecipitate with RI and RII. MAP2D in granulosa cells is predominately localized to the Golgi and not to the microtubule-organizing center and appears to be important for LH receptor signaling. Thus, the function of MAP2D in granulosa cells is expected to be quite novel and distinct from its established neuronal roles.
